This paper analyzes differences in the efficiency of regional innovation systems (RIS). Alternative measures for the efficiency of RIS based on the concept of a knowledge production function are discussed. The empirical findings suggest that both spillovers within the private sector as well as from universities and other public research institutions have a positive effect on the efficiency of private sector R&D. It is the intensity of interactions between private and public sector R&D that leads to high efficiency. Regions dominated by large establishments tend to be less efficient than regions with a lower average establishment size. JEL-classification: O31, O18, R12
Introduction
Inventions and innovations are not evenly distributed in space but tend to be clustered in certain locations USAI, 1999, 2000; MORENO, PACI and USAI, 2005) . Possible reasons for this phenomenon are regional differences in the availability and the quality of local inputs as well as geographically bounded knowledge spillovers (GREUNZ, 2003; SLAVTCHEV, 2007, 2008) . A further reason may be that locations differ with regard to the 'quality' or the 'efficiency' of regional innovation systems (RIS) leading to different levels of innovative output even if the inputs are identical in quantitative as well as in qualitative terms. The available empirical evidence for such differences in RIS efficiency is, however, sparse and not at all convincing. We still know only rather little about the conditions that are conducive or unfavorable for innovation activity and how policy could help to improve the functioning of RIS. Moreover, it is not clear how to assess the efficiency of regional innovation processes. This paper elaborates on the determinants of the efficiency of RIS. We first introduce two different measures for RIS efficiency, which are both based on the concept of a knowledge production function (section 2), and describe the spatial distribution of efficiency among the German planning regions (section 3). Section 4 discusses the possible determinants of the efficiency of RIS. The results of multivariate regression analyses of the impact of different factors on the efficiency of RIS are presented in section 5.
Finally, we draw conclusions for further research (section 6).
Assessing the efficiency of RIS
Our understanding of the efficiency of RIS 1 corresponds to the concept of work organization and improper use of technology, scarcity of inputs as well as X-inefficiency as exposed by LEIBENSTEIN's (1966) seminal work. Applying this definition to the concept of a regional innovation system means that a region is technically efficient if it is able to produce the possible maximum of innovative output from a given amount of innovative input. Accordingly, a RIS is regarded as technically inefficient if its output falls below the maximum possible value.
In this paper, we use the concept of a knowledge production function (KPF) for analyzing the relationship between input and output of the innovation process that is essential for assessing the technical efficiency of regional innovation systems. The basic hypothesis behind the KPF is that inventions do not completely 'fall from heaven' but result predominantly from respective R&D activities. According to GRILICHES (1979) and JAFFE (1989) , who assume a Cobb-Douglas type function for the relation between input and output, the KPF can be expressed as (1) .
i denotes the innovative output of a region i, and is a set of inputs.
is an inefficiency parameter, with as published in GREIF and SCHMIEDL (2002) . A patent application indicates that an invention has been made that extends the existing knowledge pool.
However, a number of limitations of the number of patents as a measure of innovative output should be mentioned. First, patents reflect an invention which is not necessarily transformed into an innovation, i.e. a new production technology or a product new to the market. Second, rather products than processes apply for patent (COHEN, NELSON and WALSH 2000) . Third, as there are other possibilities to appropriate the benefits of an invention (cf.
COHEN, , the number of patents may underestimate the actual innovative output.
The German Patent Office provides information on the number of regional patent applications in 31 different technological fields and from three distinct sources: private companies, public research and private persons.
However, although the classification in different technological fields is based on the International Patent Classification (IPC) 2 , the level of aggregation into technological fields does not allow to assign patent applications to R&D activities in a certain industry or in a certain academic discipline. As this paper focuses on the efficiency of private R&D only corporate patent applications are analyzed in this paper, i.e. patent applications by public research institutions or private persons are omitted. 3 The patent applications are assigned to the region in which the inventor has his residence.
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As a proxy for the input to the innovation process in the private sector, we use the number of R&D employees in this sector (R&D). This information is taken from the establishment file of the German Social Insurance Statistics (Statistik der sozialversicherungspflichtig Beschaeftigten) as described and documented by FRITSCH and BRIXY (2004) . Employees are classified as working in R&D if they have a tertiary degree in engineering or in natural sciences. Only the regional private sector R&D employment is included as an explanatory variable into the knowledge production function while other input variables are omitted. The reason is that private sector R&D employees appear the only factor that directly impacts the innovative output in that sector. Knowledge spillovers from adjacent regions or spillovers from other sources such as public research institutions may also make a considerable contribution to the innovation process in the private sector, however, their impact is rather indirect in nature, mainly through the private sector R&D employees.
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When relating knowledge input to innovative output, we have to assume that there is a time lag. The main reason is that R&D activity requires time for attaining a patentable result. Moreover, patent applications are published only about twelve to eighteen months after submission. This is the time necessary for the patent office to verify whether an application fulfils the basic preconditions for being granted a patent and to complete the patent documents . Therefore, a time lag between innovative inputs and output of at least two years should be assumed.
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However, because reliable data on R&D employment in East Germany are only available for the years 1996 onwards, we reduce the time lag between R&D input and the patent application to a period of one year in order to have more observations and degrees of freedom. Hence, the R&D output for the 1997-2000 period is related to R&D input between 1996 and 1999. This appears justified because there are no great fluctuations of both innovation input and innovation output over these years. Moreover, the differences between the estimated parameters of a KPF with a time lag of one year and with a time lag of three years are negligible.
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The spatial framework used for the analysis of the efficiency of RIS are the 97 German planning regions (Raumordnungsregionen). The main advantage of using planning regions is that they are functional units that account for travel to work areas, and they include at least one core city as well as its surroundings. 8 This is particularly important because the patents in our database are assigned to the inventors' residence; thus, they would not be related to the location of the respective R&D activity if the place of employment and the place of the inventor's residence do not coincide (DEYLE and GRUPP, 2005 According to these two types of differences, we apply two approaches for assessing the efficiency of RIS (for further discussion see KALIRAJAN and SHAND, 1999) .
The first approach relies on the idea of regional differences in the slope of the knowledge production function. To estimate the specific productivity of each region in terms of the marginal return to R&D input, we include a binary dummy variable for each region, ( 
is the maximum estimated output elasticity of R&D input. Accordingly, at least one region is assumed to be fully efficient. We label this approach as 'deterministic' because it implies that all deviations from the maximum value are due to inefficiency and neglects, therefore, the possibility that values could be affected by measurement errors or by random disturbances. 9 The output elasticity of private sector R&D is estimated by means of a negative binomial regression technique (GREENE, 2003, 931-939) . Due to the relatively short length of the time series (four years) the data are pooled.
According to the second approach, the produced output may fall systematically below the maximum, not because of lower output elasticities of the factors of production, but rather because of a lower level of the function. Due to the fact that the choice of the distributional assumption is a priori not clear, we estimate the efficiency measure according all three alternatives in order to check the robustness of the results. Table A1 in the Appendix provides descriptive statistics of private sector R&D input and output used to estimate the efficiency of RIS.
In this case

The distribution of RIS efficiency
There are considerable differences between the values of technical efficiency for the German planning regions. The efficiency levels estimated by means of both approaches, the deterministic frontier function and the stochastic frontier function show a wide spread with the least efficient region attaining only 6.7 and 9.9 percent of the highest value (table 1 and figure 1 ). As compared to the stochastic frontier method, the deterministic approach leads to a slightly more differentiated assessment of RIS efficiency. However, the spatial distribution of the technical efficiency of RIS according to the different approaches is virtually identical. The Pearson correlation coefficients suggest almost perfect correlation between the efficiency values estimated by the different approaches (table 1) . We assume that the amount of knowledge spillovers within the private sector is related to the number of R&D employees in this sector. The larger the number of R&D employees is, the greater the opportunity to find a suitable partner for cooperation and knowledge exchange is. The indicator for knowledge spillovers within the private sector is the share of R&D employment in that sector (R&D).
The knowledge that is generated and accumulated by universities may constitute a basic precondition for private sector R&D activities (JAFFE, 1989) .
However, since universities are non-profit organizations, they can hardly market the results of their own R&D in terms of new products or technologies. For this reason, their knowledge has to spill over to other actors (e.g. private companies) in order to become commercially effective.
The ways in which such knowledge transfers occur can be manifold (see VARGA, 1998 , for an overview). In particular, channels for transfer of academic knowledge such as R&D cooperation with private sector firms or the provision of innovation related services play a major role for private sector innovative activities (MANSFIELD and LEE, 1996; . However, the impact of universities on innovative performance of private sector firms may differ considerably according to the quality of a university's research and the intensity in which the university interacts with the firms (e.g., FELDMAN and DESROCHERS, 2003; MANSFIELD and LEE, 1996; SLAVTCHEV, 2007, 2008) . In order to test the impact of universities for the performance of the private sector, we introduce the amount of third-party funds that the universities gain from private firms (TPF- Funds from private sector firms, in particular, can be regarded compensation for academic R&D or for other services. Hence, these revenues are well suited to indicate the relevance of academic research for commercial applications as well as the intensity of university-industry linkages, which may lead to pronounced knowledge spillovers SLAVTCHEV, 2007, 2008 ).
Although we have no detailed information about the location of the private firms that cooperate with the universities, one can assume that, in most cases, universities and the cooperating private firms are co-located in the same planning region (FRITSCH and SCHWIRTEN, 1999) . 12 In order to avoid possible scale effects of large universities, which are likely to attract larger amounts of third-party funds from private firms, we use the average amount of third-party funds from private sector firms per university professor.
Non-university public research institutions such as the Max-PlanckSociety (MPG) and the Fraunhofer-Society (FhG) may also have a positive effect on the technical efficiency of private sector R&D employees.
Unfortunately, we do not have information about the third-party funds of these institutes available; thus, we introduce the regional number of institutes in our analysis.
As far as a technology is unique in the sense that the transfer and the application of respective knowledge requires specific skills or a specific common language, the strength of knowledge spillovers depends critically on the degree of technological similarity between the parties (JAFFE, 1986; NADIRI, 1993) . Therefore, we introduce the technological proximity between public and private sector R&D as a measure of correspondence and potential interplay of the regional actors in the innovation process (PROXTECH). The technological proximity between public and private sector R&D is measured as the degree of congruence between the technological fields of the patent output of public research institutions (PATACAD) and private sector firms (PATPRIV):
This index can assume values between one and zero. The larger the value is, the closer the technological proximity between public and private sector R&D is and the greater the possibilities for cooperation and occurrence of knowledge spillovers should be.
The service sector may provide important support for the R&D activities in diverse ways such as counseling, technical services, provision of venture capital, etc. This is particularly true for knowledge intensive business services, which in some cases have been even associated with the emergence of high-tech regions such as Silicon Valley and Route 128 (SAXENIAN, 1985; DORFMAN, 1983) . According to FELDMAN and FLORIDA (1994) , the presence of business services at certain location also indicates relatively well developed infrastructure that may be beneficial for innovation.
One could, therefore, expect a positive impact of the share of the regional service sector (SERVICES) on RIS efficiency. On the other hand, a high share of the service sector in the region may have a negative effect due to the relatively low propensity to patent in this sector (GREIF and POTKOWIK, 1990; BODE, 2004) .
Population density (number of inhabitants in the region per squared kilometer, POPDEN) is a measure, not only of the effects of urbanization economies on RIS performance, but can also be regarded as a catch-all variable for diverse types of unobserved region-specific influences. Literature suggests that high population density should be conducive to innovation activity because it is related to intensive contacts and cooperation (see FELDMAN, 2000, and FRITSCH, 2000 , for an overview). One could, therefore, expect a positive sign for this variable. The average number of employees per establishment (SIZE) is supposed to capture the effects of establishment size. According to a number of previous empirical studies, the number of patents per employee is higher in smaller firms than in large firms (see COHEN and KLEPPER, 1996 , for a discussion); therefore, a negative sign could be expected. Two binary dummy variables are supposed to capture additional unobserved effects of a location in West Germany (WEST) and in the periphery (PERIPHERY). We expect a positive sign for a location in West Germany due to the generally weaker performance of the economy in the Eastern part of the country, which became rather obvious in the assessment of RIS efficiency as shown in figure 1 . Given that a location in the periphery is unfavorable for innovation activity due to relatively large geographical distance to other actors, we expect a negative sign for this variable. As the propensity to patent the results of R&D may differ between the industries (if there are, for example, alternative ways to appropriate the returns of R&D), efficiency of RIS may be subject to industry specific effects.
In order to control for the impact of regional specialization in certain industries with a relatively high level of patenting, we include the share of employees in transportation engineering (TRANSPORT), in electrical engineering (ELECTRICAL), in measurement engineering and optics (OPTICS) as well as in chemistry (including biochemistry) (CHEMICALS) into our model. These are, according to GREIF and SCHMIEDL (2002) , the technological fields with the highest share of patent applications in Germany. 14 Table 2 gives an overview on the definition of variables and respective data sources. Descriptive statistics for the variables used in the analysis are provided in table 3. Table A2 
Empirical results
The impact of different determinants on the efficiency of RIS according to the deterministic and the stochastic frontier approach are reported in table 4.
With respect to the stochastic frontier approach, there are three particular forms that refer to different assumptions about the distribution of the inefficiency term: half-normal distribution, normal distribution with a truncation point at zero and exponential distribution. However, since the efficiency measures obtained according to all the three approaches are almost perfectly correlated (see table 1 ), we compare the deterministic frontier only to the stochastic frontier approach with half-normal distribution. A positive impact can also be found for non-university public research establishments as indicated by the number of research institutes of the MaxPlanck Society (MPG) and of the Fraunhofer Society (FhG). These results suggest that there are knowledge spillovers from both types of research, basic research that is conducted at the Max-Planck-Institutes, and from more applied research as typically carried out by the institutes of the Fraunhofer Society, which increase the technical efficiency of a RIS. 16 Regions with a high efficiency of innovation activity are characterized by pronounced technological proximity between public and private R&D as measured by the
PROXTECH-variable.
17 A possible explanation for this finding is that the knowledge exchange between the two sectors might become more likely as public and private research is in similar technological fields. (2004), who found negative impact of servicemanufacturing ratio on regional innovation output. As indicated by the significantly negative coefficient for average firm size (SIZE), patenting efficiency tends to be lower in regions that are characterized by a high share of large establishments. This result is in line with other studies, which find that the number of patents per unit of R&D input is higher in the smaller firms than in larger ones (ACS and AUDRETSCH, 1990; COHEN and KLEPPER, 1996) . 18. Two sample mean comparison test suggests significantly (p=0.000) less industrial diversity in East Germany (1.404) than in West Germany (1.527).
